Ultrashort surface plasmon polariton (SPP) pulses, propagating on the surface of a nanostructured metallic film, are characterized in space and time using time-resolved spatial-heterodyne imaging. Optical pulses are coupled from free space into various surface modes using a 2D array of circular nanoholes, and spatial amplitude and phase characteristics of the scattered surface field are measured with femtosecondscale time resolution. Demonstrated in-plane focusing of SPP pulse provides additional electromagnetic field localization with possible applications in SPP nanophotonics, nonlinear surface dynamics, biochemical sensing, and ultrafast surface studies. DOI: 10.1103/PhysRevLett.95.177401 PACS numbers: 78.67.2n, 42.25.Bs, 42.40.Kw, 78.47.+p Photonic modes at the interface between metallic and dielectric materials possess unique properties that arise due to the coupling to plasmon modes in the metal layer. These coupled modes, surface plasmons or surface plasmon polaritons (SPPs), exhibit intrinsic field localization at the interface between the media that facilitates waveguiding and reduces average power requirements for nonlinear wave mixing. These unique features of surface plasmon polaritons could lead to SPP-based photonic devices that are much more compact than those currently achievable with optical refraction technologies and possibly bridge the gaps between photonics, biochemical sensing and CMOSbased electronics technologies. The fundamental properties of surface plasmon polariton waves have been a subject of intensive study [1] . Recent interest in this area sparked with the discovery of extraordinary light transmission through nanohole arrays [2, 3] and the role of SPPs in this process. In these studies one and two-dimensional periodic structures are used to couple to surface plasmon modes, and the majority of experimental measurements have consisted of steady-state spectral and angular transmission and reflection properties of both single holes and hole arrays. Most of the time-resolved studies of SPPs [4 -6] have focused on space-averaged characteristics of light reflected from or transmitted through corrugated metallic surfaces, while a few efforts [7] have investigated propagation of femtosecond pulses along the metal surface. Comprehensive investigation of SPP evolution along the propagation direction was beyond experimental capability. Many potential applications of SPPs for information transmission, processing and detection, however, would require complete understanding of the in-plane SPP pulse propagation. This requires experimental characterization of SPP amplitude and phase evolution upon propagation, which presents an unexplored challenge on the way to building practical plasmonic devices for future information technologies.
Photonic modes at the interface between metallic and dielectric materials possess unique properties that arise due to the coupling to plasmon modes in the metal layer. These coupled modes, surface plasmons or surface plasmon polaritons (SPPs), exhibit intrinsic field localization at the interface between the media that facilitates waveguiding and reduces average power requirements for nonlinear wave mixing. These unique features of surface plasmon polaritons could lead to SPP-based photonic devices that are much more compact than those currently achievable with optical refraction technologies and possibly bridge the gaps between photonics, biochemical sensing and CMOSbased electronics technologies. The fundamental properties of surface plasmon polariton waves have been a subject of intensive study [1] . Recent interest in this area sparked with the discovery of extraordinary light transmission through nanohole arrays [2, 3] and the role of SPPs in this process. In these studies one and two-dimensional periodic structures are used to couple to surface plasmon modes, and the majority of experimental measurements have consisted of steady-state spectral and angular transmission and reflection properties of both single holes and hole arrays. Most of the time-resolved studies of SPPs [4 -6] have focused on space-averaged characteristics of light reflected from or transmitted through corrugated metallic surfaces, while a few efforts [7] have investigated propagation of femtosecond pulses along the metal surface. Comprehensive investigation of SPP evolution along the propagation direction was beyond experimental capability. Many potential applications of SPPs for information transmission, processing and detection, however, would require complete understanding of the in-plane SPP pulse propagation. This requires experimental characterization of SPP amplitude and phase evolution upon propagation, which presents an unexplored challenge on the way to building practical plasmonic devices for future information technologies.
In this work we investigate the excitation and propagation of femtosecond SPP pulses using a time-resolved version of the spatial-heterodyne imaging technique, which provides the spatial distributions of the electromagnetic field amplitude and phase versus time. This method has successfully been applied in various research areas ranging from fiber optics to plasma physics [8, 9] . Since the SPP field stays bound to the metal surface in the absence of surface defects, the field may be observed through evanescent coupling in the near zone or must be converted to radiating modes at the desired spatial locations. In our experiment the optical field is coupled into and out of the metallic film using a single array of nanoholes etched in the metallic film. We observe excitation and scattering of femtosecond SPP pulses in 100 nm thick aluminum films, deposited on a GaAs substrate and perforated with an array of circular nanoholes. The holes with diameter 350 nm are distributed uniformly on the square grid with total array size 200 200 m 2 . Results are presented for arrays with hole periods a 1:4 and 1:6 m. To characterize SPP resonance excitation, we developed a dispersion map of the nanohole array by measuring the spectral transmittance as a function of inplane wave vector [2, 10] for the ÿ-M and ÿ-X directions. The data, combining measurements of both arrays and presented in Fig. 1 , are dominated by asymmetric line shape features [11, 12] , which correlate with resonance transmission by excitation of SPP waves-in this case on a single interface. For our samples, only SPP modes on the metal-air interface are efficiently excited; the first order modes for the semiconductor-air interface occur at much lower frequencies, and the higher order modes that occur at these frequencies are not discernible in our measurements.
Imaging of SPP modes is performed using a modified Mach-Zehnder interferometer. Optical pulses with central wavelength 1550 nm and temporal width FWHM 200 fs are derived from a mode-locked laser and focused in the center of the nanohole array with 5 and 10 microscope objectives through the substrate at normal incidence angle (Fig. 2) . The sample is placed between two crossed polar-izers, blocking light transmitted directly through the film at the excitation point. The polarizer-analyzer pair is oriented at 45 with respect to the array axes providing polarization projection of the incident optical field in the direction of the SPP polarization [13, 14] . We identify the optical field observed on the other side of the array as scattered SPP field (as opposed to diffracted and scattered free-space mode) by confirming, consistently with [13] , its polarization state along the propagation direction in the metal surface. This optical field is collected with a 20 microscope objective and imaged with a 4f optical arrangement onto the surface of InGaAs digital camera. Temporal gating of the collected optical field is performed using a timeresolved spatial-heterodyne imaging technique. The reference optical pulse, derived from the same laser, is combined with the scattered femtosecond SPP pulse on the surface of the CCD in holographic recording configuration, and the resulting interference pattern is measured as a function of relative delay between the scattered SPP and reference fields. We process each measured interference pattern to obtain spatial amplitude and phase distributions for each position of the delay.
The scattered SPP field, observed in the absence of the time-gating reference optical field, is shown in Fig. 2 . Four lobes of the observed field correspond to 1; 0 and 0; 1 SPP modes propagating from the center to the edges of the array along the array's x and y axes. Since the SPP is efficiently coupled out from the metal surface only in the corrugation region, the scattered SPP field is not observed outside of the array. Exponential decay of each lobe towards the edges of the array demonstrates that upon propagation the surface field experiences attenuation of 20 m ÿ1 due to both material absorption and scattering losses. This value is consistent with our detailed attenuation measurements of SPPs, propagating on nanohole array surface and obtained with cw illumination [14, 15] . Cross sections of a single lobe display nearly Gaussian spatial mode profiles.
In the presence of a short time-gating optical pulse the camera detects interference between the scattered femtosecond SPP pulse and the reference pulse when they overlap in time and space. A typical interference pattern observed for 0:5 ps delay between the signal and the reference is shown in Fig. 2 in the array image plane. Vertical interference fringes demonstrate that the spatialheterodyne frequency is oriented horizontally, along the k x direction. Time-resolved spatial-heterodyne data are intrinsically sheared in the direction of the spatial carrier frequency, and for proper space-time data presentation we performed 3D unshearing of the measured data. Horizontal orientation of the spatial-heterodyne frequency provides suboptimal spatial resolution; however, this configuration greatly simplifies time-space unshearing of the measured data. Since the interference is observed only when the signal and the reference fields overlap in time, scanning of the delay between the scattered SPP and the reference field allows tracking the evolution of the SPP field with time. The measured signal corresponds to a temporal optical field cross correlation of the SPP waveform with the reference short pulse waveform.
The images shown in Figs. 3(a)-3(d) represent spatial amplitude distributions at 4 different delays between the interfering fields: 0, 133, 266, and 400 fs for the sample with array period 1:6 m and 5 illumination objective. All the measured data frames are combined into a movie with 1 ps total duration and 3 fs frame separation. In the movie we observe in real time how four 
FIG. 1 (color online
Pink ellipses represent the incident femtosecond pulse for the two arrays under study: in frequency limited by the pulse spectral bandwidth and in wave vector by the angular intensity distribution of the illumination beam. The interplay between the spectral and angular bandwidths of the incident optical pulse is similar to the phase matching effects observed in volume holography and nonlinear optics.
PRL 95, 177401 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending 21 OCTOBER 2005
177401-2 SPP short pulses are first excited in the center and then propagate towards the edges of the array. Since the SPP pulses experience attenuation, their intensity significantly reduces upon propagation. A close look at the spatial amplitude distributions at short time delays [Figs. 3(a) and 3(b)] reveals significant spatial amplitude modulation of the field, which is absent at longer time delays [Figs. 3(c) and 3(d) ]. We attribute this amplitude modulation to spatial interference of four femtosecond SPP pulses, propagating towards the center of the SPP excitation region. At the short time delays four excited SPP pulses overlap spatially and temporally in the center of the array. Their fields sum up coherently with appropriate phases to form the observed SPP modal interference pattern. At longer delays the pulses pass through the center, separate spatially, and no interference is observed.
The temporal evolution is characterized by measuring the cross correlation of the scattered SPP and reference optical fields at different spatial locations along the propagation path. The results of this measurement are shown in Fig. 3 (e) for three spatial locations separated by 25 m. The peak amplitude of the SPP pulse decays exponentially while the waveform maintains nearly the same shape. The ratio of the spatial location over the waveform delay gives an estimate of SPP pulse group velocity 300 m=ps, which is equal to the speed of light in vacuum within the accuracy of our experiment and agrees with the fact that the observed SPP mode propagates along metal-air interface with the evanescent electromagnetic field concentrated in the air.
Spatial phase information of the propagating femtosecond SPP field was investigated in two nanohole arrays with hole periods a 1:4 and 1:6 m, supporting ÿ1; 0, 0; ÿ1 and 1; 0, 0; 1 SPP modes with our illumination conditions, as indicated in the phase matching diagram in Fig. 1 . Nanohole arrays were illuminated with converging and diverging Gaussian beams using a 10 microscope objective. Measured spatial amplitude and phase distributions are presented in Figs. 4(a)-4(d) for a fixed delay between the scattered SPP field and the reference femtosecond pulse. Spatial amplitude distributions of the scattered SPP field show that when the nanohole arrays are illuminated with a converging Gaussian beam, the excited surface field continues converging and focuses-as clearly seen in Figs. 4(a) and 4(c) . The opposite effect is observed when the arrays are illuminated with diverging Gaussian beams-the surface field diverges within the metal surface from the illumination point, as shown in Figs Linear phase corresponds to 6.0 phase matching angle for ÿ1; 0 and 0; ÿ1 SPP modes shown in Fig. 1 , while the quadratic spatial phase of the SPP field is acquired from the quadratic spatial phase of the incident optical field. this effect in real time. The amplitude of the scattered femtosecond SPP pulse in the movies was rescaled with a gamma factor of 1.5 for better observation. To visualize propagation of the femtosecond pulse through the waist of the focused surface field we excite an SPP field on the edge of the array and measure its propagation for a distance of 200 m [ Fig. 4(e) ]. Time-average amplitude of the observed field was rescaled at each position along the propagation path (in the horizontal direction) to compensate for longitudinal attenuation and clearly show transversal spatial transformation of the surface field. The measured width of the SPP waist of 2w 0 4 m is determined by the diffraction limit of our imaging system. An alternative method for focusing SPPs has recently been demonstrated using surface optical elements [16] . We note that while the surface field reaches maximum spatial localization (i.e., minimal transverse field profile) at the focal point, the absolute field intensity is reduced due to attenuation.
Spatial phase distributions in Figs propagates from the center to the edges of the array, the spatial phase converges to the SPP excitation point. This counterintuitive phase behavior for ÿ1; 0 and 0; ÿ1 SPP modes can be understood by looking at the phase matching conditions for SPP excitation. The negative sign in the notation of these SPP modes indicates the projection of the incident wave vector opposite to the SPP wave vector. The wave front of the SPP is reversed with respect to the incident wave and the propagation direction of the excited SPP field is opposite to the direction of the incident optical wave.
Excitation and observation of femtosecond surface plasmon polariton pulses using time-resolved spatialheterodyne imaging approach is an important step towards understanding the relationship between spatial and temporal characteristics of the incident optical waves and the excited and scattered femtosecond SPP fields. Spatial resolution may be improved in the future using time-resolved heterodyne near-field imaging [17] [18] [19] to reveal nanoscale properties of the surface field. Demonstrated in-plane focusing of femtosecond SPP pulses leads to complete 3D and temporal localization of electromagnetic field, which will find applications in nonlinear surface studies, sensing surface plasmon polariton waveguiding and information processing. Because of the optical field correlation nature of our measurements, only spatial amplitude and phase information of the SPP field can be measured precisely.
